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What’s SciBooNE?

• Neutrino experiment at Fermilab (E954)

• Precision measurement of ν and ν-nucleus 
cross section around 1GeV.
– Important for accelerator based neutrino oscillation 

experiments.
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SciBooNE Collaboration
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•University of Cincinnati
•University of Colorado, Boulder
•Columbia University
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•High Energy Accelerator Research 
Organization (KEK)
•Imperial College London
•Indiana University
•Institute for Cosmic Ray Research (ICRR)
•Kyoto University
•Los Alamos National Laboratory
•Louisiana State University
•Purdue University Calumet
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Introduction
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Next step…

• Discover the last oscillation channel
–  θ13

• CP violation in the lepton sector (ν,ν)
–  δ

• Mass hierarchy  
– The sign of Δm23

2

• Test of the standard ν oscillation scenario (UMNS)
– Precise measurements of ν oscillations (±Δm23

2, θ23)

νµ

ντ

νe ν1

ν3

ν2

atmospheric Cross Mixing solar

T2K

NOνA
Precision measurement of 
oscillation parameters
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protons

Strategy of accelerator ν oscillation 
experiments

π, π, π, π, Κ ν, ν, ν, ν 

oscillation

Hadron 
Production

σ σ

Intense beam Gigantic detector

X-section
σ(νN)

σ(E) x Φν
near(E) ⇔ σ(E) x Φν

far(E)

Φν(E)

ν cross sections are important for 
extracting oscillation parameters 
from  νµ disappearance νe 
appearance experiments.
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Impact of ν cross section

T2K
νµ events
w/ osci.
(1 ring µ-like)

–Signal: CC-QE
  (ν+n→µ+p; Energy Reconstruction from µ kin.)
–Background: non-QE; Mainly CC-1π+

  ν+N→µ+π+N’)

CC-QE
Signal

non-QE
Background

ν oscillation measurement requires 
precise knowledge on background.

δ(sin2 2θ)

δ(Δm2)

δ(
si

n
2
 2
θ)

δ(
Δ
m

2
)

νµ→νx measurement 
error (90%CL)

    stat. only
    δ(nQE/QE)=  5%
    δ(nQE/QE)=20%

T2K requires 
<10% level 

knowledge on 
nonQE/QE
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Impact of ν cross section

T2K
νµ events
w/ osci.
(1 ring µ-like)

–Signal: CC-QE
  (ν+n→µ+p; Energy Reconstruction from µ kin.)
–Background: non-QE; Mainly CC-1π+

  ν+N→µ+π+N’)

non-QE
Background

ν oscillation measurement requires 
precise knowledge on background.

110-1 Eν(GeV)

~20% uncertainty 
in existing data

CC-1π+ cross section

Need new measurement 
of non-QE cross sections

CC-QE
Signal
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Other ν/ν interactions

• Neutral current π0 prod.
(ν+N→ ν+π0+N’)

 Background for νe 
appearance search

• Anti-neutrino interactions
– No measurement below 1GeV

 Important for ν oscillation 
study (CPV) in T2K-II

NC-π0

ν-CC interactions
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SciBooNE Experiment
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SciBooNE Experiment 
(K2K-SciBar detector at FNAL Booster Neutrino Beam line)

• Precision measurement of ν & ν-bar cross 
sections at ~1GeV  Important for T2K and other 
oscillation experiments

• SciBar:
– Originally K2K-near detector
– Shipped to FNAL

• BNB: Intense & low energy ν beam
– Eν good match to T2K

ν and ν beam

• MiniBooNE near detector 

T2K

K2K

SciBooNE

Fl
u
x 

(n
o
rm

al
iz

ed
 b

y 
ar

ea
)

        1       2          
Eν (GeV)

Decay region

50 m
MiniBooNE 
Detector

SciBarBooster ν beamline

100 m 440 m
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Booster Neutrino Beam

SciBooNE

Mean Eν = 0.72 GeV
νµ: 92.9%
νµ: 6.4%
νe: 0.6%
νe: 0.05%

ν Flux
(SciBooNE location)

• 8 GeV protons from Booster

• Protons hit beryllium target   
(71 cm long, 1 cm diameter) 
within a magnetic focusing 
horn and produce mesons
• The mesons decay into 
neutrinos in 50m decay region

• Neutrinos are observed in 
SciBooNE (100m)
• ν beam by changing horn 
polarity
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SciBooNE Detectors
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SciBooNE detectors

ν

µ

p Schematic 
CC-QE
ν+n→µ+p
interaction

SciBar: Fully active target & tracker
Total mass: 15t, Fiducial: ~10t
14,336 channels; extruded scintillator
Particle ID with dE/dx

EC: EM Calorimeter
Lead+scintillation fibers: 11X0
Gamma / electron ID

MRD: Muon Range Detector
Steel (5cm thick x12) +scintillator
µ identification
Measure up to 1.2 GeV/c
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ν events at SciBooNE
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ν and ν CCQE event candidates
νn→pµ-

candidate

μ

SciBar EC MRD

p

μ
νp→nµ+

candidate

SciBooNE data

μμ

n
p

: SciBar hit, area∝energy deposit
: SciBar TDC hit 17



NC-1π0 event candidate
ν+p→ν+p+π0

Side view Top view

γ
e

γ e
π0→γγ

SciBooNE data

: SciBar hit, area∝energy deposit
: SciBar TDC hit

SciBar EC MRD
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SciBooNE Timeline
• 2005, Summer - Collaboration formed

• 2005, Dec - Proposal

• 2006, Jul - Detectors move to FNAL

• 2006, Sep - Groundbreaking

• 2006, Nov - EC Assembly

• 2007, Feb - SciBar Assembly

• 2007, Mar - MRD Assembly

• 2007, Mar - Cosmic Ray Data

• 2007, Apr - Detector Installation

• 2007, May - Commissioning

• 2007, Jun - Start data taking (antineutrino Data Run)

• 2007, Oct - Neutrino Data Run

• 2008, Apr - Antineutrino Data Run

• 2008, Aug - Complete data taking

Three years from
formation to          

data taking complete!
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Data taking & Data set
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Chapter 21

Data set and Monte Carlo simulation2

2.1 Data set3

We summarize the SciBooNE data-taking in Table 2.1. Data-taking was started on4

June 8, 2007 and was completed on August 18, 2008. Figure 2.1 shows a history of5

the accumulated number of protons on target (POT). We have collected 2.52× 1020 POT6

after data quality cuts, while 2.64 × 1020 POT have been delivered. The data collection7

efficiency is 95.5%. The hardware configuration of SciBar was slightly changed after Run 18

as noted in the table. The TA threshold has been increased to reduce noise TDC hits due9

to after pluses from VA. The noise rate reduces by a factor of 20, while the averaged hit10

finding efficiency is 99.8% in both configurations, estimated with cosmic-ray muons.11

In this analysis, the full neutrino data of 0.99× 1020 POT is used.12

Table 2.1: Summary of SciBooNE data-taking

Run Period POT Note
Run 1 (Antineutrino) Jun. 2007 - Aug. 2007 0.52× 1020 TA threshold: 50 mV
Run 2 (Neutrino) Oct. 2007 - Apr. 2008 0.99× 1020 TA threshold: 300 mV
Run 3 (Antineutrino) Apr. 2008 - Aug. 2008 1.01× 1020 TA threshold: 300 mV
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Figure 2.1: History of the accumulated
number of protons on target (POT).

6

7

ing cosmic ray data. Scintillator quenching is simulated
using Birk’s law [46] with a value of Birk’s constant,
measured for K2K, of 0.028 cm/MeV [47]. The energy
deposited by charged particle is converted to photoelec-
trons using conversion factors measured for each channel
with cosmic muons. The attenuation of light in the WLS
fibers is simulated using the measured attenuation length
of each channel, which is approximately 350 cm on av-
erage. Crosstalk between nearby MA-PMT channels is
simulated using values measured in a test stand prior to
installation. The number of photoelectrons is smeared
by Poisson statistics. Finally, the single photoelectron
resolution of the MA-PMT is simulated. To simulate the
digitization of the signal, the number of photoelectrons
is converted to ADC counts, and then electronics noise
and threshold effects of the TA are simulated.

TDC hit simulation includes light propagation delays
in the WLS fibers. A logical OR of 32 MA-PMT channels
is made for each TDC channel, and the time of each hit
is converted to TDC counts. Multiple TDC hits in each
channel are simulated.

In the EC detector simulation, true energy deposi-
tion in scintillating fibers in the detector is converted to
the number of photoelectrons using the conversion fac-
tor which is measured for each channel with cosmic-ray
muons. The attenuation of light in the fiber is simu-
lated using the measured attenuation length value. The
number of photoelectrons is smeared by Poisson statistics
and by the PMT resolution, and then converted to ADC
counts. The time-dependent ADC gain due to the over-
shoot of the PMT signal is simulated based on a mea-
surement with cosmic muons. Electronics noise is also
simulated.

For the detector simulation of the MRD, true energy
deposition in each scintillator is converted to ADC counts
using the conversion factor measured with cosmic muons.
The attenuation of light in the scintillator as well as elec-
tronics noise are simulated. Gaps between scintillator
counters in each plane, which cause inefficiency, are in-
cluded in the simulation. The time of energy deposition
is digitized and converted into TDC counts.

V. DATA SUMMARY

The SciBooNE experiment took data from June 2007
until August 2008. The data-taking is divided into three
periods depending on the polarity of the horn, as sum-
marized in Table I. Fig. 4(top) shows a history of the
accumulated number of protons on target (POT); the
two curves show the total POT for all events and the
POT for events passing all data quality cuts, described
below.

In total, 2.64× 1020 POT were delivered to the beryl-
lium target during the SciBooNE data run. The beam
datastream (measuring, for example, magnet current set-
tings, measured beam intensity, measured peak horn cur-
rent) is synchronized and merged with the corresponding
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FIG. 4: Experimental performance. In the top panel, the
solid line shows the history of the accumulated number of
protons on target and the dashed line shows the number of
POT passing all data quality cuts. The bottom panel shows
the number of charged current candidate events in SciBar
normalized to the number of protons on target.

TABLE I: Summary of SciBooNE data-taking. The table
shows the number of POT collected after application of data
quality cuts, as described in the text.

Run Period POT
Run 1 (Antineutrino) Jun. 2007 - Aug. 2007 0.52× 1020

Run 2 (Neutrino) Oct. 2007 - Apr. 2008 0.99× 1020

Run 3 (Antineutrino) Apr. 2008 - Aug. 2008 1.01× 1020

SciBooNE detector datastream, provided that the spill
time as measured by the beam instrumentation and by
the detector match within 10 ms from each other.

Only spills that satisfy certain beam quality cuts are
used for analysis. We require that the beam intensity
is at least 0.1 × 1012 protons per spill, that the agree-
ment between the two toroid readouts along the beam-
line is within 10%, that the absolute peak horn current
is greater than 170 kA, and that the targeting efficiency

Preliminary results from
full neutrino data set
are presented

• Jun. 2007 – Aug. 2008
• 95% data efficiency

• 2.52x1020 POT in total
• neutrino      : 0.99x1020 POT
• antineutrino: 1.53x1020 POT

Number of Protons on target (POT)

CC event rate in SciBar

ν

ν

ν



Physics Analysis
Preliminary results
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➜ important for νµ disappearance

➜ important for νe appearance

Physics Topics

• Charged Current
– CC inclusive (νµ flux measurement)
– CC-QE
– CC-1π+

– CC-π0

– CC-νe (νe flux measurement)
• Neutral Current

– NC-π0

– NC-elastic
• νµ disappearance

Several analyses are in progress

11 PhD students are working on analyses
22



Charged Current
Charged Pion production

CC-1π+
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CC-1π+ production

24

CC-resonant π production
   Predominant process

• ν+p → µ+p+π+

• ν+n → µ+n+π+

CC-coherent π production
   ν interacts with nuclei coherently

  ν+C → µ+C+π+

Charged current single charged pion (CC-1π+) production

Signal event signature
2 MIP-like tracks (a muon and a pion)

ν

µ

π
p,n

Cν
π

µ

often not
reconstructed

Small Q2



CC-1π+ event selection
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1track 2track >2track

µ+π µ+p

CC-1π+

sample

Muon contained in MRD
Number of tracks
from a common vertex

Particle ID using dE/dx

CCQE rejection using
non-muon track direction (Δθp)

Define MC
normalization

CC event selection
(SciBar-MRD match track)



Signature of CC event 
at SciBooNE
• Muon = SciBar-MRD matched track

SciBar MRDEC

µ trackTracks
(µ,p,π+)

CC-1π (resonance)

CC-QE

SciBar-MRD match sample: 
 - CC purity: 93%
 - Cosmic ray background: <0.5% 26



CC sample
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Muon kinematics of MRD stopped sample

Preliminary

Preliminary

Pµ (GeV/c)

Preliminary

θµ (degree)

Reconstructed Eν assuming CC-QE

Eνrec (GeV)

The sample is used to get
neutrino spectrum
for νµ disappearance search

MC is normalized to
SciBar-MRD matched sample

Y.Nakajima

σ(Pµ)~50 MeV/c
σ(θµ)~0.9 deg.

MA=1.1 GeV/c2

CC purity: 93%

SciBar-MRD matched event: ~30k events



CC-1π+ event selection
two MIP like tracks & CC-QE rejection

28

Particle ID based on dE/dx

CCQE rejection based on Δθp

Preliminary

Δθp (degree)

selected

Preliminary

selected

Muon confidence level
distribution of 2nd track

CCQE contamination  20%→13%

2 5 2 5
dE/dx (MeV/cm) dE/dx (MeV/cm)

Preliminary Preliminary
Muon Proton

Δθp: Opening angle between observed 2nd track 
and expected proton track assuming CCQE.



CC-1π+ selected events 
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µ

πp

SciBar MRDEC

µ

π

νpµpπ candidate

νnµnπ candidate

SciBooNE
DATA



CC-1π+ sample
Q2 distribution
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Pre
liminar

y

E
ve

nt
s/

0.
05

(G
eV

/c
)2

Reconstructed Q2 (GeV/c)2

assuming CC-QE

Observed DATA deficit
in low Q2 region

Separate CC-coherent π
from CC-resonant π
using its characteristic
kinematics

~80% pure µ+π sample
CC-1π+ fraction in the sample

νp → µpπ            34%
νn → µnπ             11%
CC-coherent π     15%



CC coherent π selection
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Direction of the pion track

Vertex activity

Events with a forward-going
Pion track are selected

selectedPreliminary

Pion track angle (degree)

νpµpπ

νnµnπ

selected

CC-coherent π

Preliminary

Energy deposit (MeV)

Low energy proton is identified as a 
large energy deposit around the vertex

µ

π+p



CC coherent π sample
Q2 distribution
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CC-coherent π
Efficiency  13%
Purity         40%

Pre
liminar

y

E
ve

nt
s/

0.
02

5(
G

eV
/c

)2

Reconstructed Q2 (GeV/c)2

Observed CC-coherent π
sample in SciBooNE
contains fewer events
than our MC simulation,
which is based on the
Rein&Sehgal model (2007)

* Systematic error on
  background estimation
  is not included yet



SciBooNE sensitivity to
σ(CC-coherent π)/σ(CC) ratio

33

MiniBooNE NC-coherent π0

(<Eν>~0.8GeV)
Phys.Lett.B664,41(2008)

(NC-coherent π)/(NC exclusive π0)
=(19.5+/-1.1+/-2.5) %
65% of the Rein&Sehgal model

SciBooNE sensitivity
σ(CC-coherent π)/σ(CC)~0.3x10-2 (*)
(sensitive down to ~10% level of the MC prediction)

*Included only detector systematic error

Rein&Sehgal (2007)

NEUT prediction
(Averaged over
BNB spectrum)

K2K 90%CL(**)
PRL95,252301(2005)

SciBooNE sensitivity(**)
(stat. only)

** Interpreted from cross section ratio
    using σ(CC) predictionPre

liminar
yFull systematic studies and paper drafting 

for publication in progress.
Submission to PRD will be next month.



Neutral Current
Neutral pion production

NC-π0
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Signature of NC-π0 event 
at SciBooNE

• No muon = No SciBar track go through MRD 
• All tracks contained in SciBar

SciBar MRDEC

Tracks
(p, π0)NC-π0NC-π0: ν+N→ν+N+π0
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NC-π0 event selection

• NC-π0 event selection
– Search γ tracks

• Particle ID -- Reject: µ, π, p

–  Event topology
• Select two isolated tracks

γ→
e+/-

γ→e+/-

µ

p, π

CC-event

γ→
e+/-

γ→e+/-

µ

CC-π0 event NC-π0 event
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Particle ID with dE/dx

2 5 2 5

Muons Protons

dE/dx (MeV/cm) dE/dx (MeV/cm)

 Proton mis-ID as pion = 7.2%
(Pion track efficiency    = 74%)

Preliminary Preliminary

Data
Muon
EM shower 
Proton
Charged pion

EM shower (γ→e+e-) make similar
dE/dx to muons.  Need additional 
selection to reject muon (CC event) dE/dx (MeV/cm)

Preliminary
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Particle ID with timing info:
Muon identification

Muon lifetime
Event Display

(SciBooNE data)µ

e
τµ~2.0µs

• Find out muon track ➜ CC event rejection

• Tag decaying muon (µ→νs+e) with SciBar 
TDC info: hits from muon and electron

• Clear signature of decaying muon.

Reject 66 % of decay-e events 
Keep 95 % of no decay-e events 38



Event topology
isolated tracks

39

Accept

Reject

Internal
External 

CC w/o π0
CC w π0
NC w/o π0
NC w π0

Dirt
Cosmic

Dot : data

Threshold: 6cm

Signal efficiency (NC-π0): 92%
Rejected 31% of CC events

cm
Reject

CC events

Pr
eli
mi
na
ry
 



π0 reconstruction
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Reconstructed invariant 
mass distribution

 Dirt
 Cosmic

 NC w/   π0

 NC w/o π0

 CC w/   π0

 CC w/o π0

Pr
eli
mi
na
ry
 

+  data

Mγγ (MeV/c2)

E
ve

nt
s

➜ Cross section measurement 

• Final selected sample 
~850 events
• NC-π0 purity: ~54%

• Clear π0 mass peak only 
from π0 produced events



Summary
• SciBooNE measures neutrino and antineutrino cross 

sections near 1 GeV
• Essential for future neutrino oscillation experiment

• CC-1π+ measurement in SciBooNE
• Observed fewer events in CC-coherent π sample than 

prediction
• Full systematic studies and paper drafting for publication          

are in progress. 
• Submission to PRD will be next month.

• Many analyses are in progress
– CCQE, CCπ0, NCπ0, NCelastic, νµ disappearance, 
νe measurement etc.

– Antineutrino measurements
• Results will come soon
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Backup
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Other distribution
in coherent sample
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CC event (MRD match)

1trk

µ+π

CC-1π+
(non-QE)

µ stopped in MRD

CC-1π+ w/
vtx activity

2trk >2trk

µ+p

CC-1π+
(QE contaminant)

CC-1π+ w/o
vtx activity

!"

#$%&'()*+,)-$+)%&*#$%&'()*+,)-$+)%&*
./+0,'10,+02'.3+)1)+4'3$+./+0,'10,+02'.3+)1)+4'3$+

!"#

5!,03 6!,037" #"

!"

#$%&'()*+,)-$+)%&*#$%&'()*+,)-$+)%&*
./+0,'10,+02'.3+)1)+4'3$+./+0,'10,+02'.3+)1)+4'3$+

!"#

5!,03 6!,037" #"

Pµ
θµ

Eν
Q2



!"

#$%&'()#$%&'()!!**""+),+),##-./0!123-./0!123##
!"# $%&'()*+",$- !"# $%&'()&",*+ ./+"0",)&",*+

!"

#$%&'()#$%&'()!!**""+),+),##-./0!123-./0!123##
!"# $%&'()*+",$- !"# $%&'()&",*+ ./+"0",)&",*+

CC-1π, non-QE sample
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CC event (MRD match)

1trk

µ+π

CC-1π+
(non-QE)

µ stopped in MRD

CC-1π+ w/
vtx activity

2trk >2trk

µ+p

CC-1π+
(QE contaminant)

CC-1π+ w/o
vtx activity

π track length π track angle

µ-π opening angle
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Comparison in samples
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CC event (MRD match)

1trk

µ+π

CC-1π+
(non-QE)

µ stopped in MRD

CC-1π+ w/
vtx activity

2trk >2trk

µ+p

CC-1π+
(QE contaminant)

CC-1π+ w/o
vtx activity

2trk, µ+π, non-QE w/ activity

Eν Q2

2trk, µ+π, non-QE w/o activity

Eν

Q2
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NC-π0 signal & background
Experimental signature

2γ from π0

• 2 tracks in Fiducial Volume
• Disconnected
• Both tracks are not µ, p

ν

µ

p

Wall

ν π0

γ

γ

SciBar

Backgrounds

External BG
ex. Dirt

Internal BG
ex. CC-QE

NC-π0 candidate

SciBar MRD
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CC-inclusive sample

SciBar MRD
EC

SciBar-MRD matched event (~30k events)

SciBar MRD
EC

MRD stopped event (~22k events)
(muon contained in MRD)

Neutrino energy spectrum measurement
using CC-inclusive sample

muon

muon

93% pure CC-inclusive sample


